We have extended a model for the γN → ππN reaction to virtual photons and selected the diagrams which have a ∆ in the final state. With this model we have evaluated cross sections for the virtual photon cross section as a function of Q 2 for different energies. Averages over Q 2 are then made to compare with available data and the agreement found with the γ v p → ∆ 0 π + and γ v p → ∆ ++ π − reactions is good. The present reaction, selecting a particular final state, is a good filter for the general γ v N → ππN amplitude and hence a test of models for this reaction. The experimental measurement of the different isospin channels for this reaction are encouraged as a means to unravel the dynamics of the two pions photoproduction processes.
Introduction
The γN → ππN reaction in nuclei has captured some attention recently and has proved to be a source of information on several aspects of resonance formation and decay as well as a test for chiral perturbation theory at low energies. A model for the γp → π + π − p reaction was developed in [1] containing 67 Feynman diagrams by means of which a good reproduction of the cross section was found up to about E γ ≃ 1 GeV.
A more reduced set of diagrams, with 20 terms , was found sufficient to describe the reaction up to E γ ≃ 800 MeV [2] where the Mainz experiments are done [3, 4, 5] .
In the same work [2] the model was extended to the other charge channels of (γ, 2π) and the agreement with the experiment is good except for the channel γp → π + π 0 n where the theoretical cross section underestimates the experiment in about 40 per cent.
There are other simplified models in which the dominant terms of [2] are kept [6, 7] . In ref. [7] some parameters are kept free and fitted to data and the channel γp → π + π 0 n is then reproduced. On the contrary in ref. [2] all parameters are fixed from the coupling of photons to nucleons and resonances and the decay properties of resonances, although sometimes quark models are used to fix an unknown sign.
The (γ,2π) reaction has also been used to test chiral perturbation theory. The threshold region is investigated in [8, 9] with some discrepancies in the results which are commented in [10, 11] . The one loop corrections are shown to be relevant in the γp → π 0 π 0 p reaction close to threshold [9] . In addition the N * (1440) excitation is shown to be very important at threshold in [2] . Another interesting information obtained from the γp → π + π − p reaction is information about the N * (1520) decay into ∆π. Indeed,the photoexcitation of the N * (1520) followed by the decay into ∆π is a mechanism which interferes with the dominant term, the γN∆π Kroll-Ruderman term, and offers information on the q dependence and the sign of the s and d wave amplitudes of N * (1520) → ∆N decay. This information is a good test of quark models [12] which is passed by the "relativised" constituent quark models [13, 14, 15] . In the γp → π 0 π 0 p reaction the γN → N * (1520) → ∆π is shown to be an important mechanism by itself (there is no ∆ Kroll-Ruderman term here), perfectly visible in the experimental invariant mass distribution [5] .
The (γ,2π) reaction has also relevance in nuclear physics. Inclusive cross section for the (γ,π + π − ) have been calculated in [16] and the inclusive (γ,π 0 π 0 ) reaction is measured in [17] . Calculations for (γ,π + π − ) and the (γ,π 0 π 0 ) coherent two pions production in nuclei have seen performed in [18] and the cross sections are found to be very different in two different charge channels, with patterns in the energy and angular distributions linked to isospin conservation. Similarly, exchange currents for the (γ,π + ) reaction are constructed from (γ,ππ) when a pion is produced off-shell and absorbed by a second nucleon. These exchange currents give an important contribution to the (γ,π + ) cross section at large momentum transfer [19] . The discussions above have served to show the relevance of the (γ,2π) reaction and its implications in different processes. The extension of this kind of work to virtual photons should complement the knowledge obtained through the (γ,2π) and the related reactions. The coupling of the photons to the resonances depends on q 2 and the dependence can be different for different resonances. Hence, the interference of different mechanisms pointed above will depend on q 2 and with a sufficiently large range of q 2 , one can pin down the mechanism of (γ,2π) with real or virtual photons with more precision than just with real photons, which would help settle the differences between present theoretical models.
Experiment on (γ v ,2π) will be done in the near future in Thomas Jefferson Laboratory [20] . Meanwhile we can take advantage of existing experiments on ep → e ′ ∆π to test the extension of the model of ref. [2] to virtual photons. This is the aim of the present paper.
The formalism.
We will evaluate cross sections of virtual photons integrated over all the variables of the pions and the outgoing nucleon. In this case the formalism is identical to the one of inclusive eN → e ′ X scattering [21, 22] or pion electroproduction after integrating over the pion variables [23, 24] . The e, e ′ cross section is given by
where α = e 2 /4π is the fine structure constant, e the electron charge, q µ the momentum of the virtual photon and k, k ′ the momenta of the initial and the final electron and ǫ is given by
with θ e in the angle of the scattered electron. All variables are given in the lab frame and the z direction is taken along the direction of the virtual photon, q. Furthermore, the hadronic tensor is given here by
where p 1 , p 2 , p 4 , p 5 are the momenta of the initial, final nucleon, and the two pions and T µ is the matrix element of the γ v N 1 → N 2 π 4 π 5 process. The terms contributing to T µ are given in the following section.
The expression of eq. (1) can be conveniently rewritten as
where σ T , σ L are the transverse,longitudinal cross sections of the virtual photons and Γ is given by
In the limit of the real photons, when q 2 ≃ 0,K γ is the lab momentum of the photon, and only the transverse cross section contributes in which case σ T γv = σ L γv , the cross section of real photons. For the model of the γ * N → ∆π reaction we take the same model of ref.
[2] and select the diagrams which have a ∆ in the final state. The diagrams which contribute to the process are depicted in fig.1 . The contribution of each one of the diagrams is readily evaluated from the Lagrangians written in the appendix A1. The Feynman rules for the diagrams are collected in appendix A2. The coefficients, coupling constants and the form factors are collected in the appendix A3. Finally, the amplitudes for each one of the terms are written in appendix A4 for each charge state.
Results and discussion
We have tested our results with the experimental data of ref. [25] . We show the cross section of
, as a function of W, the virtual photon-proton(γ v p) center of mass energy, and for different values of Q 2 in a given interval.
with
In order to compare our results with experiment (ref. [25] ) we have calculated the cross section for different values of Q 2 at intervals of 0.1 GeV 2 and averaged them between the experimental cuts.
In fig.2a we show the cross section for virtual photons, σ γv of eq. (6), as a function of Q 2 for different values of Q 2 with intervals of 0.1 GeV 2 , the upper curve corresponding to Q 2 = 0.3 GeV 2 and the lower one to 1.4 GeV 2 . In fig.2b we have taken the average of these curves in order to compare with the experiment. The agreement obtained is good and we reproduce the peak around W = 1470 MeV. At Q 2 = 0 this peak was also found in [1, 2] but was not due to a particular resonance excitation, rather it was an interference effect between the N * (1520)∆π and the ∆ Kroll-Ruderman amplitudes (diagrams D.7 and D.1). Here the form factors could affect the two terms differently and the interference might be changed.
For the N * (1520)∆π term we have taken the Q 2 dependence of the helicity amplitudes from ref. [26] .A suitable parametrization in the range of Q 2 of interest to us is given in appendix A6. The form factors for the ∆ Kroll-Ruderman term are taken as discussed in appendix A3. The curves in fig.2a indicate that the Q 2 dependence of the two pieces is similar and the interference and shape of the peak is not lost with Q 2 .
In fig.3 we show the results for γ v p → ∆ 0 π + . The results are qualitatively similar except that the cross sections are much smaller than in the first case. The agreement with the data is also good, although there are few data and large experimental errors.
Conclusions.
We have calculated cross sections for the
reactions, extending the model of ref. [2] to virtual photons and selecting the diagrams which have a ∆ in the final state. Even if the data are scarce the agreement with them is good. However, it would be desirable to have data for different values of Q 2 rather than the averages which one has at present. In the future such measurements are bound to be made in Thomas Jefferson Laboratory and other experimental facilities. Also other channels should be measured as well as total cross sections for γ v N → ππN where the πN are not in a ∆ state.
The results obtained here are encouraging. We can extended the model of ref. [2] for all charged channels including all terms which have no ∆ in the final state in order to compare with results from forthcoming experiments. Meanwhile the present results show the value of the limited available data as a guideline to construct a complete theoretical model. Also they are valuable because they impose a filter to the mechanisms of (γ v ,2π) which serves as a further test of a theoretical model. In this way it looks clear that in addition to the planned experiments on (γ v ,2π), the continuation of experiments like those analyzed here but for discrete values of Q 2 are of much interest to help us unravel the different mechanisms that come into play in this reaction. APPENDIX A1. Lagrangians.
In these expressions φ, Ψ, Ψ ∆ , Ψ N * , Ψ N ′ * and A µ stand for the pion, nucleon, ∆, N * , N ′ * and photon fields, respectively ; N * and N ′ * stand for the N * (1440) and N * (1520); m and µ are the nucleon and the pion masses; σ and τ are the spin and isospin 1/2 operators; S † and the T † are the transition spin and isospin operators from 1/2 to 3/2 with the renormalization.
with ν in spherical base, and the same for T † . The operators S ∆ and T ∆ are the ordinary spin and isospin matrices for the a spin and isospin 3/2 object. For the pion fields we used the Bjorken and Drell convention :
Hence the |π + state corresponds to −|11 in isospin base. In all formulae we have assumed that A2. Feynman Rules.
In the last equation,the zeroth component of this vertex is taken from the non relativistic approximation of ref. [27] .
We have assumed the photon as an incoming particle while the pion in all vertices is an outgoing particle.
A3. Coefficients and Constants.
Reaction D1 D2 D3 D4 D5 D6 D7 D8
i/9 i/9 -2i/9 i/9 -2/3 0 i/3 -1/9 
Coupling constants : For the off-shell pions we use a form factor of the monopole type :
Sachs's form factors are given by
with Λ 2 = 0.71 GeV 2 ; µ p = 2.793; µ n = −1.913. The relation between F p 1 (q 2 ) (Dirac's form factor) and G p E (q 2 ) is :
and F n 1 = 0. For delta resonance we use
In the case of the ∆ ++ we use the experimental value µ ∆ ++ = 1.62 µ p and for the other charge states we use of the ratio of eq(41).
For the first pion in the KR and PP diagrams, we take another form factor in the vertices with pions and virtual photons, like this :
with p 2 π = 0.47 GeV 2 , which is motivated to preserve gauge invariance [28] . The form factor for the γ∆N transition is taken as:
where f γ (0) = 0.122
Forf γ (q 2 ) in eq.(54) we have taken the coupling constantf γ of Appendix A3 and implemented the form factor of eq.(43) (removing f γ (0) from the right hand of eq. (43)).
A4. Amplitudes for the reaction
Amplitude of N ′ * (1520): Vectorial part :
From these Eqs. we can prove the following relations,which are used in the calculation of the amplitudes:
where we have omitted the sum over intermediate states.
Propagators :
The pion propagator is given by:
The nucleon propagator is given by :
with E( p) = √ m 2 + p 2 and the ∆(1232) propagator
where s = p 02 − p 2 and the ∆ decay width is given by :
where q cm is the momentum of the decay pion in the ∆(1232) rest frame. For the propagators of the N * (1440) and N * (1520) we take the same formula G ∆ (p) changing the width and the masses. We have included in the N * (1440) decay width, both the decay into Nπ and Nππ, thus
the first term is the N * (1440) decay width into Nπ which is given by :
For the second term we take a fraction of 65 % for the decay into Nπ. Γ N * →N ππ ( √ s N * ) is the N * (1440) decay width into Nππ, which we approximate by a constant,multiplied by three body phase space. This constant is fitted in order to reproduce the experimental N * (1440) decay width into Nππ.
For the width of the N * (1520) in the propagator we have taken three dominant channels (Nπ,∆π,Nρ). If we consider that N * (1520) is a d-wave resonance we can write the energy dependence of the decay width into Nπ as: For the ∆π channel : For the decay into Nππ through the Nρ channel we take :
where q i = (w i , q i ) (i=1,2) are the four momenta of the outgoing pions, D ρ (q 1 + q 2 ) is the ρ propagator including the ρ width, f ρ is the ρππ coupling constant (f ρ = 6.14), and q ρ in the N ′ * Nρ coupling constant (g ρ = 7.73) that we fit from the experimental N ′ * → ρ[ππ] partial decay width, ref. [12] . 
A6. Parametrization ofg

